Epoxy-coated reinforcing steel has been in general use for about 15 years. Its application to reduce the cOirosion of reinforcing steel is increasing each year. While epoxy coating protects the steel, it also reduces the bond between the steel and concrete. The reduction in bond strength has been demonstrated in two principal studies.
Epoxy-coated reinforcing steel has been in general use for about 15 years. Its application to reduce the cOirosion of reinforcing steel is increasing each year. While epoxy coating protects the steel, it also reduces the bond between the steel and concrete. The reduction in bond strength has been demonstrated in two principal studies.
Using beam-end specimens containing transverse reinforcement, Johnston and Zia 1 observed a 15 percent reduction in bond strength with the use of epoxy-coated bars. Using splices without transverse reinforcement, Treece and Jirsa 2 reported an average reduction of 34 percent. Largely based on the recommendations of Treece and Jirsa, ACI Committee· 318 3 adopted modification factors to increase the development length for ACI Materials Journal I March-April 1991 epoxy-coated bars. The factor is 1.5 (a 50 percent increase) for bars with cover less than 3 bar diameters or with clear spacing between bars less than 6 bar diameters. It is 1.2 for all other conditions. AASHT04 has adopted factors of 1.5 and 1.15 based on the same criteria. The new ACI and AASHTO provisions include no recognition of the effect of confining reinforcement on the strength reduction obtained with epoxy coatings. The 1.5 modification factor is based on only 12 specimens with epoxy-coated reinforcement and 9 specimens with uncoated reinforcement. A single deformation pattern was evaluated, and no specimens were replicated. Considering the high variability typical of bond tests, it is not clear that these few tests provide a reliable picture of the effect of epoxy coating. This is the first in a series of papers that describe a large-scale study to determine the effect of epoxy coating on bond strength. This paper addresses the effects of parameters associated with the bars themselves: coating thickness, deformation pattern, and bar.size. It also considers the effect of embedment length on the relative strength of coated and uncoated bars to establish the suitability of the specimen configurations used in the study. The overall study also considers the effects of concrete cover, bar position, concrete strength, and transverse reinforcement. These topics will be covered in subsequent papers. The full details of this portion of the study are presented in Reference 5. bars, the width was increased to 10 in. (254 mm). Specimen depth was adjusted to provide 15 in. of concrete above the bar and 2 bar diameters of cover below the bar (all bars discussed in this paper were bottom-cast). Two polyvinyl chloride (PVC) pipes were used as bond breakers to limit the bonded length of the test bar and prevent a cone-type failure on the front face. The bonded lengths of the test bars were selected to insure that the bars did not yield before bond failure occurred. 6 Standard bonded lengths of 3Y2 in. 11 bars were used. The corresponding lengths of bondbreaking PVC pipe at the front of the bars (lead lengths) were 2%, 2%, 3%, and 1Y2 in. (60, 70, 95, and 38 mm), respectively. Additional specimens were tested to help evaluate the effect of epoxy coating as a function of lead length and bonded length. The results for 270 beam-end specimens are summarized in this paper.
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The splice specimens (Fig. 2) and the limited data upon which those provisions are based, an improved understanding of bond behavior is warranted. The goal is to improve economy and constructibility while maintaining an adequate margin of safety. 
Materials
Reinforcing steel-ASTM A 615
7 Grade 60, No.5, 6, 8, and 11 bars were used. Bars with three deformation patterns, designated S, C, and N, were tested (Fig. 3) . Bars of each size and deformation pattern were from the same heat of steel. Yield strengths and deformation properties are shown in Table 1 .
Epoxy coatings were applied in accordance with ASTM A 775 8 and ranged in thickness from 3 to 17 mils (0.08 to 0.43 mm) as measured by a pulloff-type thickness gage. 8 Readings were taken at 6 points around the circumference of the bar between each set of ribs within the bonded length. Average readings within the bonded lengths are reported. A wide range in coating thickness, beyond the ASTM A 775 limits [5 to 12 mils (0.13 to 0.30 mm)], was used to evaluate the effects of coating thickness on bond strength.
Concrete-Nonair-entrained concrete with Type I portland cement and % in. (19 mm) nominal maximum size coarse aggregate was used. Water-cement ratios from 0.41 to 0.55 were used to obtain concrete with nominal strengths of 5000 or 6000 psi (34 to 41 MPa). Concrete of 6000 psi (41 MPa) was used for the majority of the specimens. Mix proportions and concrete properties are listed in Appendix A* and Reference 5. Concrete strengths are listed in Tables 2 and 3. *The appendixes are available in xerographic .or similar form from ACI headquarters, where they will be kept permanently on file, at a charge equal to the cost of reproduction plus handling at time of request.
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Fig. 3-Reinforcing bar deformation patterns
Test procedure
The beam-end specimens were tested using apparatus developed by Donahey and Darwin 9 and modified by Brettmann, Darwin, and Donahey.6 No.5 and 6 bars were loaded at approximately 3.0 (13.3 kN) kips per min. No. 8 and 11 bars were tested at about 6.0 kips (26.7 kN) per min.
Splice specimens were inverted and tested as illustrated in Fig. 2 . Splices were located within the constant moment region. Crack locations and widths were recorded during the progress of the tests, which lasted 20 to 25 min.
Results and observations
Beam-end specimens-Test variables and ultimate bond forces of the individual bars in the beam-end specimens are listed in Appendix B and Reference 5. Fig. 4 illustrates load-versus-unloaded end slip curves for No. 5 bars. A splitting-type bond failure occurred in all tests. Uncoated bars obtained a higher strength than bars with a nominal 5 mil (0.13 mm) coating, which in turn had a greater bond strength than bars with a 12 mil (0.30 mm) coating. The initial slope of the load-slip curve decreases as the coating thickness increases. As will be discussed later, only No.5 bars exhibited a marked sensitivity to coating thickness. Table 2 . For three out of seven pairs of specimens, the specimens with epoxy-coated reinforcement exhibited a greater maximum crack width than the specimens with uncoated bars. For two pairs, the maximum crack widths were identical, and for two pairs the specimens with uncoated bars had the greater maximum crack width. For four pairs, the specimens with the uncoated bars exhibited a greater number of cracks, while in one pair the two specimens had an identical number of cracks and for two pairs the specimens with the epoxy-coated bars had the greater number of cracks. Thus, at service loads, epoxy-coated bars do not appear to have a significant effect on member behavior, although the data suggests that there may be a slight propensity for increased crack width and crack spacing when coated bars are used. Table 2 also summarizes the strengths obtained for the splice specimens in terms of bending moment and bar stress. Bar stress is calculated using the usual expression for flexural strength [using equivalent stress block and replacing yield stress with bar stress at ultimate 3 cb. Splice specimens with epoxy-coated bars were always weaker than specimens with uncoated bars, with the relative strengths ranging between 0.94 (S-pattern No. 6 bars) and 0.71 (S-pattern No. 11 bars). At failure, all splice specimens exhibited extensive longitudinal and transverse cracking in the region of the splices. Concrete above the splices was easily removed with a hammer, exposing a nearly horizontal crack running the full width of the beam in the plane of the splices.
Bar appearance-The test bars were examined following the tests by removing the concrete cover. Uncoated bars showed evidence of good adhesion to the concrete. Particles of concrete were left on the shaft of the bar and the sides of the deformations. Wedges of compacted concrete powder were lodged in the front of the ribs, adhering to the ribs on the pull side only.
As observed in earlier tests of epoxy-coated reinforcement,I,2 there was virtually no evidence of adhesion between the epoxy-coated bars and surrounding concrete. No concrete particles were left on the deformations or the shaft of the coateo bars. The concrete in contact with the epoxy-coated bars had a smooth,
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glassy surface. In a few cases, there were signs of the epoxy coating being crushed against the concrete, but in general the epoxy was undamaged.
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EVALUATION OF EXPERIMENTAL RESULTS
This paper emphasizes the role of bar properties on the bond strength of epoxy-coated reinforcement. Specifically, the roles of coating thickness, deformation pattern, and bar size are studied. In addition, tests designed to validate the test specimen itself are discussed. The ratio of the bond strength of coated bars to the bond strength of uncoated bars, or relative bond strength CI U, will be used as the chief measure of the effects of epoxy coating.
Correction
for bars of a given size versus the actual cover. 10 Covers ranging from 1 to 3 db are used (the effect of cover will be addressed in a subsequent paper). The best-fit lines for different groups of specimens are nearly parallel for bars of the same size, independent of deformation pattern or bar surface condition. 10 Using the technique of dummy variables,l1 parallel best-fit lines are obtained based on the assumption that changes in cover cause the same incremental change in bond force for bars of the same size, independent of deformation pattern, bar surface condition, and test group. Thus, each group of specimens is represented by a separate line, as shown in Fig. 6 for No. 11 bars. Individual specimen strengths are corrected by shifting the measured bond strength parallel to the best-fit line to a value corresponding to 2 db.cover. The impact of this correction is small. An analysis using No.5 and 6 bar data that was uncorrected for cover altered no conclusions obtained with the cover-corrected data. This is fortunate because a cover correction cannot be made for the No.8 bars in Groups 2 through 6, since actual cover was not measured for these specimens.
For the epoxy-coated No.5 bars, a similar correction is necessary based on coating thickness [9 mils (0.23 mm) is taken as the standard], due to the sensitivity of the bond strength of these bars to the thickness of the epoxy. As will be demonstrated, larger bars do not require a coating thickness correction.
In addition to the cover and coating thickness corrections, test results are normalized with respect to a nominal concrete strength of 6000 psi (41 MPa) using the assumption that, within the concrete strength range used, bond strength is proportional to the square root of the compressive strength. Thus The balance of this report is dedicated to answering the question: Does the effect of the epoxy coating depend on coating thickness, deformation pattern, or bar size? To answer these questions, 20 groups of specimens (Groups 2 through 15 and 17 through 22) were tested. No.5, 6, and 8 bars were used to evaluate the effect of coating thickness. No.5, 6, 8, and 11 bars were used to evaluate the effects of deformation pattern and bar size.
Coating thickness-The effect of coating thickness is illustrated in Fig. 9 through 11 for No.8, 6, and 5 bars, respectively. C/U is plotted as a function of the epoxy coating thickness for each deformation pattern. Each data point represents the ratio of the bond strength of an individual epoxy-coated bar to the average bond strength of uncoated bars with the same deformation pattern and bar size in the same group of specimens. Using the technique of dummy variables,1O the best-fit lines for each deformation pattern are obtained using the assumption that there may be differences in the ef- I-----I-----I--L---'-----1..----'--oJ..----'--oJ..----L..-....L--....L--.1-----J.-----J..-----J 0.00 2.00 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 Coating Thickness (mils) The results shown in Fig. 9 through 11 do not give a completely equitable comparison of the deformation patterns, because the values of C/ U are evaluated individually by deformation pattern. Thus, a coated bar may have a low C/ U based on uncoated bars of the same deformation pattern but, in fact, have a higher bond strength than another coated bar· that has a high value of C/ U because its uncoated bars have a low bond strength. It is fairer to base the values of C/ U on the mean strengths of all uncoated bars of the same size. These ratios are listed in Table 3 
0.60 fect of the coating due to deformation pattern, but that the effect of coating thickness is the same for all deformation patterns. Fig. 9 and 10 show that coating thickness plays virtually no role in the magnitude of strength reduction caused by the epoxy coating for No.8 and 6 bars. This observation matches similar observations made by Johnston andZia 1 and Treece and Jirsa. 2 The best-fit lines in Fig. 9 and 10 for No.8 and 6 bars, in fact, have very slight negative slopes, which result in decreases in C/U of 0.012 and 0.002, respectively, as the coating thickness increases from 5 to 12 mils (0.13 to 0.30 mm). In contrast to these observations, Fig. 11 shows that coating thickness does playa role for No.5 bars, with C/U dropping, on the average, by 0.090 as the coating thickness increases from 5 to 12 mils (0.13 to 0.30 mm). This observation does not conflict with earlier studies,I,2 since those studies included no bars smaller than No.6. On reflection, the conclusion that C/U depends on coating thickness for small bars seems completely reasonable because, as bar size decreases, coating thickness becomes more significant in relation to the height of the bar ribs.
Deformation pattern-A second look at is equal to the ratio of the rib-bearing area per inch of length to the nominal cross-sectional area of the bar.
As illustrated in Table 1 and 
Splice specimens
Splice test specimens are larger and more costly than beam-end specimens. Therefore, it is desirable to run fewer splice tests than beam-end tests in a study. There are, however, at lea~t two reasons to run splice tests. Splice tests may provide a more realistic model of what happens in an actual structure, and the development length provisions for epoxy-coated bars in ACI 318-89 3 are based on the splice tests run by Treece and Jirsa. 2 With this in mind, it is important to know if beam-end specimens give the same results as splice specimens and if the tests in the current study, both beam-end and splice, match the earlier splice tests. 2 Before these questions are al?-swered, the variability that is inherent in bond tests should be considered.
ACI Materials Journal I March-April 1991 Bond tests exhibit a great deal of scatter, as shown in Fig. 9 through 11 . However, the scatter shown in these figures is attenuated by the use of the mean values of uncoated bar bond strength in the denominator. If the bond strength of each coated bar is divided by the bond strength of each uncoated bar in the same test group, it is obvious that the scatter in CI U will increase, as shown in Fig. 14. Since the splice tests in this study, as well as those performed by Treece and Jirsa, 2 were executed with individual coated and uncoated bar specimen~, I.e., no replications, the expected scatter in CI U for splices should resemble that shown for the beamend specimens in Fig. 14 .
The CI U values for the splice tests in this study and those from Treece and Jirsa 2 also appear in Fig. 14. As illustrated, the splice tests generally lie within the scatter band but below the mean obtained from the beamend tests. A summary of the splice tests in the current study is presented in Table 2 . Overall, the plot suggests that the key aspects of bond strength reduction caused by epoxy coating are the same for beam-end and splice specimens.
The mean value 0.82 of C/ U for the current splice tests. is slightly lower than the mean for all beam-end tests, 0.85. However, the mean value 0.66 of C/Ufrom Treece and Jirsa,2 if weighted by test group, or 0.69 if weighted by individual specimen, is considerably below the mean for the beam-end tests. The lower relative strength of the splices can be traced to the fact that most of the splices had a cover less than the 2 db used for the beam-end specimens, and a lower strength is statistically expected for unconfined multiple splice specimens than for single splice or single bar specimens. Detailed consideration of these effects will be included in a future paper.
Implications for design
The results described here have important implications for design. The major observation is that the bond strength of epoxy-coated bars, relative to uncoated bars, is considerably higher than the value of 0.66 used to calculate the 1.5 development length modification factor for bars with less than 3 db cover in the 1989 ACI Building Code 3 and 1989 AASHTO Bridge Specifications. 4 The inverse of the lowest average value of C/ U obtained for any bar size or deformation pattern in this study is 1.37, obtained for S-pattern No.8 bars. No.5, 6, and 11 bars are affected even less, with modification factors of 1.18, 1.25, and 1.28, respectively, based on the deformation pattern with the lowest value of C/ U. These values are all based on a cover of 2 db.
These results suggest that a lower penalty can be employed for coated bars with a 2 db cover than that recommended by Treece and Jirsa 2 and implemented by ACI3 and AASHT0 4 for bars with a cover less than 3 db. It appears that development length modification factors can safely be reduced to 1.25 for No.6 bars and smaller and 1.35 or 1.40 for No.7 bars and larger (care should be taken in selecting values for No. 14 and 18 bars, since no tests have been performed on these bar sizes). A modification factor of 1.25 for No.5 bars and smaller is more than needed, based on a 9 mil coating, but will help to take into account the lower bond strengths obtained by small bars with thicker coatings. Recent work by Cleary and Ramirez* provides additional evidence suggesting that the current design provisions for epoxy-coated bars 3 . 4 are overconservative. Before placing these modification factors in a design code,3,4 it would be prudent to evaluate at least a portion of the patterns that have not yet been tested.
The results· suggest that development length modification factors can be reduced further by altering deformation patterns to improve the bond strength of epoxycoated bars or standardizing on "strong" deformation patterns on an industry-wide basis. Modification factors for each bar size should be based on the deforma-*Cleary, Douglas B., and Ramirez, Julio A.; "Bond Strength of Epoxy Coated Reinforcement," A CI Materials Journal, in press. 216 tion pattern with the lowest mean C/ U value rather than the mean value of C/ U for all bars of a given size, since deformation is clearly a controllable parameter. The deformation pattern tested by Treece and Jirsa 2 is no longer used for "epoxy-coated bars because of difficulties in coating.t
The insensitivity to coating thickness of bars larger than No.5 indicates that coatings thicker than 12 mils (0.30 mm) could be used on larger bars to improve corrosion protection. This improved protection could be obtained with little reduction in bond strength beyond that currently observed. Additional study is necessary, however, before new limits on coating thickness can be established.
SUMMARY AND CONCLUSIONS
A large-scale study was carried out to determine the effects of coating thickness, deformation pattern, and bar size on the reduction in bond strength between reinforcing bars and concrete caused by epoxy coating. Beam-end and splice test specimens containing bottomcast No.5, 6, 8, and 11 bars with average coating thicknesses ranging from 3 to 17 mils (0.08 to 0.43 mm) were used. Three deformation patterns were evaluated. All specimens had covers of 2 bar diameters or less.
The following conclusions are based on the results and analyses presented in this paper.
1. Epoxy coatings in the range of 5 to 12 mils (0.13 to 0.30 mm) significantly reduce the bond strength of deformed reinforcing bars to concrete. However, the extent of the reduction is less than that used to establish the development length modification factors in the 1989 ACI Building Code 3 and 1989 AASHTO Bridge Specifications. 4 2. For coatings between 5 and 12 mils (0.13 to 0.30 mm) in thickness, differences in coating thickness have little effect on the amount of the bond strength reduction for No.6 bars and larger. Thicker coatings cause a greater reduction in bond strength than thinner coatings for No.5 bars.
3. In general, the reduction in bond strength caused by epoxy coating increases with bar size.
4. The magnitude of the reduction depends on deformation pattern. Bars with relatively. larger rib-bearing areas with respect to the bar cross section are affected less by the coating than bars with smaller bearing areas.
